Environmental endocrine disruptors are implicated as putative contributors to the burgeoning metabolic disease epidemic. Tolylfluanid (TF) is a commonly detected fungicide in Europe, and previous in vitro and ex vivo work has identified it as a potent endocrine disruptor with the capacity to promote adipocyte differentiation and induce adipocytic insulin resistance, effects likely resulting from activation of glucocorticoid receptor signaling. The present study extends these findings to an in vivo mouse model of dietary TF exposure. After 12 weeks of consumption of a normal chow diet supplemented with 100 parts per million TF, mice exhibited increased body weight gain and an increase in total fat mass, with a specific augmentation in visceral adipose depots. This increased adipose accumulation is proposed to occur through a reduction in lipolytic and fatty acid oxidation gene expression. Dietary TF exposure induced glucose intolerance, insulin resistance, and metabolic inflexibility, while also disrupting diurnal rhythms of energy expenditure and food consumption. Adipose tissue endocrine function was also impaired with a reduction in serum adiponectin levels. Moreover, adipocytes from TF-exposed mice exhibited reduced insulin sensitivity, an effect likely mediated through a specific down-regulation of insulin receptor substrate-1 expression, mirroring effects of ex vivo TF exposure. Finally, gene set enrichment analysis revealed an increase in adipose glucocorticoid receptor signaling with TF treatment. Taken together, these findings identify TF as a novel in vivo endocrine disruptor and obesogen in mice, with dietary exposure leading to alterations in energy homeostasis that recapitulate many features of the metabolic syndrome. (Endocrinology 156: 896 -910, 2015) O besity and diabetes rates across the globe have increased dramatically over the last 3 decades (1, 2). Current estimates place the worldwide burden of diabetes at 382 million individuals, with projections that this number will increase to a staggering 592 million people by 2035 (3). The individual and societal consequences of this deterioration in metabolic health are enormous. In the United States, diabetes is the leading cause of adult blind-
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Physical inactivity and excess caloric consumption are central drivers of the obesity and diabetes epidemics; however, increasing evidence suggests that additional factors promote metabolic dysfunction. Emerging data implicate environmental pollutants in the development of obesity, insulin resistance, and diabetes (6 -8) . Over the last several decades, obesity and diabetes trends mirror synthetic chemical production in the United States (8, 9) , and similar increases in metabolic disease are occurring in Europe and across the globe, suggesting that similar relationships are active worldwide (3, 10) . Moreover, epidemiological studies support associations between certain pollutants and various measures of metabolic dysregulation (8, 11, 12) . Finally, basic science data show that a host of environmental toxicants can disrupt energy metabolism in model organisms through perturbations of multiple molecular pathways, including insulin and thyroid hormone action as well as glucocorticoid receptor (GR) and peroxisome proliferator-activated receptor (PPAR)␥ signaling (13) .
Given the close relationship between obesity and diabetes, endocrine-disrupting chemicals (EDCs) that lead to adipose tissue dysregulation may contribute to the pathogenesis of diabetes. Adipose tissue plays a critical role in maintaining energy homeostasis through the storage of excess calories during feeding and the mobilization of those stores upon fasting. In addition to its role as a dynamically regulated energy depot, adipose tissue also regulates global metabolism through the secretion of several hormones, ie, adipokines, that influence food intake/satiety, insulin sensitivity, and insulin secretion (14) . Moreover, because many metabolic disruptors are lipophilic, they are expected to bioaccumulate in lipid-rich tissues, such as adipose. Thus, disruption of adipose tissue function may be a central mechanism by which EDCs promote the development of metabolic disease (15, 16) . Importantly, GR signaling plays a critical and complex role in regulating multiple aspects of adipose function, including adipogenesis, insulin action, and lipid storage (17) . Taken together, this suggests that lipophilic EDCs that modulate GR action may have particularly deleterious effects on adipose biology and global energy regulation.
Tolylfluanid (TF) (Euparen Multi) is a phenylsulfamide fungicide used in agriculture and as a booster biocide in marine paints (18, 19) . It is one of the most commonly found pesticides in agricultural goods in Europe (20 -22) and has been detected in groundwater in agricultural regions (23) . The extent of exposure may be more global, however, because TF and another structurally similar compound, dichlofluanid, have been detected in the coastal waters of India (24) . In addition to exposure through contaminated food and water, occupational exposure is expected among those employed in its application in agriculture and the shipping industry (25, 26) . Importantly, TF is highly lipophilic (log octanol to water partition coefficient of 3.9) (18), suggesting that it may accumulate in lipid-rich tissues such as adipose. In previous studies, TF has been shown to promote preadipocyte to adipocyte differentiation in the 3T3-L1 cell line (27) and insulin resistance in primary murine and human adipose tissue exposed ex vivo (28) . Furthermore, work has shown that the metabolic disruption induced by TF is likely mediated via inappropriate activation of GR signaling (27, 29) . The present study extends this previous work to explore TF effects on adipose tissue mass and function as well as systemic energy metabolism after chronic dietary exposure to this novel metabolic disruptor.
Materials and Methods

Animals, exposure, and tissue processing
Eight-week-old male C57BL/6 mice were obtained from The Jackson Laboratory and housed in groups of 2-4 at 22.2 Ϯ 1.1°C under a 12-hour light, 12-hour dark cycle. Control animals received a standard chow diet ad libitum (Teklad Global Diet 2018; Harlan Laboratories) containing 23.0% protein, 60.6% carbohydrate, and 16.5% fat (by kcal). Animals exposed to TF received the identical diet supplemented with 100 parts per million (ppm) TF added at the time of manufacturing (Harlan Laboratories). Animals were handled and weighed biweekly, and food was weighed and replaced weekly. Animals were treated humanely in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of Chicago. At the conclusion of the 12-week exposure period, animals were euthanized with isoflurane followed by exsanguination via cardiac puncture. Relevant metabolic tissues were dissected, weighed, and flash frozen in liquid nitrogen followed by storage at Ϫ80°C before processing. Liver samples for histological analysis were frozen in Tissue-Tek O.C.T. Compound on dry ice before cryosectioning and staining with hematoxylin and eosin (H&E) or oil red O. Adipose samples for histology were fixed in 10% formalin for 24 hours before paraffin embedding and staining with H&E. minutes, placed immediately on ice, centrifuged at 1500g for 15 minutes at 4°C, and concentrations determined using an insulin ELISA kit per the manufacturer's instructions (Millipore).
Intraperitoneal-insulin tolerance test (ITT)
At 5 and 10 weeks of exposure, mice were fasted at 9 AM for 3 hours. Fasting blood glucose levels were measured, followed by ip injection of Humalog insulin (0.4 U/kg body weight at 5 wk and 0.5 U/kg body weight at 10 wk; Eli Lilly). At 5 weeks, 2 out of 3 control mice experienced blood glucose drops below the limits of detection for the glucometer (20 mg/dL per the manufacturer) when 0.5 U/kg body weight was administered, whereas 0 out of 3 TF-treated mice exhibited this extreme drop; therefore, the dose was reduced at this time point for the remaining mice (8 control and 7 TF treated). At 10 weeks, mice with blood glucose readings that dropped below the limits of detection for the glucometer (20 mg/dL per the manufacturer) were confirmed on repeat testing and, if confirmed, recorded as having blood glucose levels of 20 mg/dL (2 of 9 controls, 0 of 12 TF treated). These mice subsequently received an ip injection of dextrose, and future data points were excluded from the analysis.
Measurement of body composition by dual energy x-ray absorptiometry (DEXA)
Assessment was performed at 0, 8, and 12 weeks of exposure with the assistance of the Metabolic Testing Facility of the Diabetes Research and Training Center at the University of Chicago. Mice were anesthetized before imaging by injection of ketamine (80 mg/kg) and xylazine (5 mg/kg) into the intrascapular region. Body composition was measured by DEXA (Lunar PIXImus densitometer system; GE Healthcare) using PIXImus 2 software after system calibration according to the manufacturer's instructions. Body weight and body length were also assessed after sedation.
Assessment of metabolic rate and fuel use by indirect calorimetry
After 12 weeks of dietary exposure, indirect calorimetric measurements were carried out using the LabMaster System (TSE Systems) maintained under standard housing conditions (22.2 Ϯ 1.1°C; 12-h light, 12-h dark cycle). Mice were provided with ad libitum access to their treatment diets. After a 4-day acclimation period, oxygen consumption, carbon dioxide production, energy expenditure, activity, as well as food and water consumption were monitored for 2.5 days. The respiratory exchange ratio (RER) was measured as the ratio of O 2 inhalation to CO 2 production over a 30-minute period. RER values for light/dark phases represent the average RER of all data points collected every 30 minutes over that respective 12-hour period.
Adipocyte insulin signaling and immunoblotting
At harvesting, perigonadal fat was assessed for insulin sensitivity by the ratio of phosphorylated to total Akt (protein kinase B) as previously described (28) . After membrane development with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific), densitometry was measured using ImageJ version 1.47 (National Institutes of Health). Insulin sensitivity was assessed as the ratio of the total area of bands corresponding to phosphorylated Akt (S473) over total Akt, normalized within each animal to the basal condition (0nM insulin) to assess relative insulin responsiveness.
Gene expression analyses
RNA extraction and quantitative RT-PCR were performed as previously described with 260/280-nm values of approximately 2.0 to ensure RNA purity (28) . Primers were generated by Primer-BLAST (National Center for Biotechnology Information) and confirmed to have amplification efficiency of 90%-110%. Primer sequences (Integrated DNA Technologies) can be found in Supplemental Table 1 . Gene expression levels were evaluated by the ⌬-Ct method (30) , with ␤-actin used to control for total mRNA recovery, and control values normalized to a group average of 1.0.
Serum analysis of adipokines and metabolites
At the time of euthanization, blood was obtained via cardiac puncture. Blood was allowed to clot at room temperature for 30 minutes, followed by centrifugation at 1500g for 15 minutes at 4°C. Sera were then collected and stored at Ϫ80°C before analysis. Serum parameters were quantified using commercially available ELISA kits (leptin [Crystal Chem, Inc] and adiponectin [Millipore] ) or a colorimetric assay kit (free fatty acids [Gentaur]) according to the manufacturers' instructions.
Microarray analysis of gene expression
The quality of total RNA was checked using the Agilent BioAnalyzer. Total RNA was processed into biotinylated cRNA using the Ambion TotalPrep-96 RNA Amplification kit (Life Technologies). Microarray hybridization, processing, and scanning were performed using standard Illumina-provided protocols. A total of 12 samples (6 biological replicates each from control and TF-exposed perigonadal adipose tissue after 4 wk of treatment) were profiled by Illumina MouseRef-8 v2.0 Expression BeadChip array using the Illumina HiScan Array Scanner. The raw probe average signal intensities were background subtracted, log2 transformed, and quantile normalized using Illumina Genome Studio v2011.1. The normalized expression data were further processed by retaining probes with the detection P Յ .01, followed by batch effects removal using the ComBat program (31) . Processed average signal intensities of 10 149 probes were used for further statistical analysis. ANOVA and multiple testing corrections to detect differentially expressed genes between TF and control groups were performed. Differentially expressed genes with different cut-off criteria were generated for each pairwise comparison. To investigate whether GR and PPAR␥ pathway genes were overrepresented in the expression data from 4-week treatment and control groups, probes without Entrez gene identifiers were removed followed by collapsing multiple probes that are mapped to the same Entrez gene by only retaining the probe with largest variance across the samples. Gene Set Enrichment Analysis (GSEA) was performed on the 7580 genes using the GSEA program (32) .
Statistical analysis
Adiposity was defined as adipose tissue weight divided by total body weight. Three independent 12-week exposure studies were performed using separately prepared diets (n for each group of 8 in trials 1 and 2, and 12 in trial 3). Relative to control mice, TF exposure consistently increased adiposity, our primary out-come measure, with no differences in the magnitude of increase across the 3 cohorts (P ϭ .61); therefore, data were pooled from all studies. Weight gain was assessed as percent body weight gain for 12 weeks of exposure (P Ͻ .05), followed by a breakdown of weight gain into 2 segments (wk 0 -4 and wk [5] [6] [7] [8] [9] [10] [11] [12] , and assessed by two-way ANOVA. Weekly food consumption was assessed by two-way ANOVA. Glucose and insulin tolerance were measured as the area under the curve (AUC) of glucose over time by the trapezoidal method. Data are presented as mean Ϯ SEM. Control and TF treatment groups were compared by F testing to determine differences in variance; for F Ͻ 0.05, t tests were performed with Welch's correction, whereas when F Ͼ 0.05, standard Student's t tests were performed. No correction for multiple comparisons was made to reduce type 2 error as has been suggested (33) . All analyses were performed using GraphPad Prism version 6.0. P Ͻ .05 was considered statistically significant.
Results
TF promotes weight gain and increases adiposity
Previously, TF was shown to promote preadipocyte to adipocyte differentiation (27) as well as adipocytic insulin resistance in an ex vivo exposure model (28) through activation of GR signaling (27, 29) . However, in vivo energy homeostasis requires the coordinate action of multiple tissues, and human exposure to TF likely occurs through contaminated food and water; therefore, studies were conducted to assess the metabolic impact of chronic dietary TF exposure in intact organisms. Toward this goal, 8-week-old male mice were fed a standard chow diet (control) or the same diet supplemented with 100 ppm TF ad libitum for 12 weeks. This concentration was estimated to provide exposure at or below reported no observed adverse effect levels (34) . Although no differences in body weight were observed for the first month of treatment (P ϭ .59) ( Figure 1A ), TF-exposed mice exhibited augmented weight gain by 35 days of exposure, an effect that persisted until the end of the study, ultimately resulting in a 19% increase in weight gain (P ϭ .0001) ( Figure 1B ). This augmented weight gain occurred without a change in weekly food consumption (P ϭ .89) ( Figure 1C ). Because TF promotes adipocyte differentiation, it was hypothesized that this weight gain might result from increased adipose mass. At the conclusion of the study, mice were euthanized and 3 adipose depots (perigonadal, perirenal, and mesenteric) quantitatively harvested and weighed. TF-exposed mice Figure 1 . Dietary consumption of TF promotes increased body weight gain and adiposity. Mice were provided a chow diet or the same diet fortified with 100 ppm TF for 12 weeks (n ϭ 28 per group), and body weight was measured biweekly, revealing a 19% increase in body weight (data not shown; P Ͻ .05). Weight gain was plotted over time from baseline to 28 days (RM two-way ANOVA; P ϭ .59) (A), and from 28 to 84 days (RM two-way ANOVA; P ϭ .0001) (B). Weekly food consumption by cage was measured and is presented as food consumption in grams per mouse per week (RM two-way ANOVA; P ϭ .89) (C). At killing, 3 visceral adipose depots (perigonadal, perirenal, and mesenteric) were harvested and weighed followed by correction for body weight to provide a measure of adiposity (D). At harvest, a portion of the perigonadal adipose depot was fixed and stained with H&E followed by counting of adipocytes per high-power field (8 mice per group with 3 separate high-power fields measured per mouse). Data are presented as mean Ϯ SEM. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001; ****, P Ͻ .0001. exhibited a 28% increase in overall adiposity (P Ͻ .01), and increased depot-specific adiposity in all 3 depots measured (P Ͻ .05) ( Figure 1D ). Histological analysis of perigonadal adipose tissue revealed adipocyte hypertrophy with a reduction in adipocyte number per high-power field (P Ͻ .05) ( Figure 1E ). To assess the possibility that these changes in adiposity occurred at earlier time points of exposure, serial DEXA scans were performed in a separate cohort of mice at 0, 8, and 12 weeks of exposure. These scans identified a TF-induced augmentation of body weight (P Ͻ .05) ( Figure 2A ) and adiposity (P Ͻ .01) (Figure 2B ) by 8 weeks of exposure. Importantly, this increase in body weight and adiposity occurred without concurrent increases in lean body mass (P ϭ .24) or body length (P ϭ .14) (Figure 2 , C and D, respectively). These increases in body weight and adiposity persisted at 12 weeks of TF exposure, with exposed mice ultimately exhibiting a 52% increase in fat content by DEXA (P Ͻ .001). To assess for lipid accumulation in other metabolic tissues, histological analysis of liver sections was performed; however, no difference in hepatic steatosis was observed (data not shown). These studies indicate that dietary TF exposure promotes the accretion of fat mass; moreover, the DEXA scanning data suggest that this increase occurs by 8 weeks of exposure and includes fat expansion that extends beyond the directly measured depots.
TF exposure promotes glucose intolerance and insulin resistance
To determine whether TF-induced adipose expansion promoted global alterations in glucose homeostasis and insulin sensitivity, glucose and insulin tolerance tests were performed. After 4 and 9 weeks of exposure, an ip-GTT was performed after a 6-hour fast. At 4 weeks of exposure, no significant differences between treated and control mice were identified (P ϭ .81) ( Figure 3A) . However, after 9 weeks on their respective diets, TF-exposed mice exhibited relative glucose intolerance as evidenced by a higher AUC during the ip-GTT (P Ͻ .05) ( Figure 3B ). Insulin levels at 0, 10, 30, and 60 minutes revealed TF mice had higher average insulin levels at all time points examined, although differences were not significant (P ϭ .41) (data not shown), suggesting that the observed glucose intolerance was not due to overt ␤-cell failure, but rather resulted from an impairment in the response of peripheral tissues to insulin stimulation. To assess whether TF altered global insulin sensitivity, insulin tolerance tests were performed after 5 and 10 weeks of exposure after a 3-hour fast. At 5 weeks of exposure, no significant differences between groups were identified (P ϭ .84) ( Figure 3C ). However, after 10 weeks, TF-exposed mice demonstrated relative insulin resistance as assessed by the AUC through 45 minutes, as well as 3-hour fasting hyperglycemia (P Ͻ .05) ( Figure 3D ). These data demonstrate that dietary exposure to TF disrupts global energy metabolism, rendering the animals more glucose intolerant with reduced systemic insulin sensitivity. 
bohydrates as the predominant energy source. In mice, RER values are typically higher during the dark phase, when mice consume a majority of their daily calories, and lower during the light phase ( Figure 4A ). During the dark phase, TF-exposed mice were found to have a reduced RER, demonstrating a relative preference for lipid use as an energy substrate compared with control mice (P Ͻ .01) ( Figure 4B ). In addition, examination of shifts in RER between fed and fasted states revealed that TF impaired the ability to shift between fuel sources, on average by 47%, demonstrating relative metabolic inflexibility upon exposure to this EDC (P Ͻ .05) ( Figure 4C ). Uncorrected and lean mass-corrected energy expenditure did not differ with TF treatment (Figure 4 , D and E, respectively); however, total body mass-corrected energy expenditure was reduced in the TF-exposed group, likely reflecting the accumulation of less metabolically active adipose mass (P Ͻ .01) ( Figure 4F ). Although total food intake over the 12-week study was not altered by TF exposure, analysis in the metabolic cages demonstrated a difference in the diurnal rhythm of food consumption with TF-exposed mice consuming more of their daily calories during the light phase than control mice (P Ͻ .01) ( Figure 5A ). Relative light cycle water intake trended higher but did not reach statistical significance (P ϭ .13) ( Figure 5C ). Although total activity was no different between groups, there was an increase in the fraction of activity occurring during the light phase with TF treatment (P Ͻ .05) ( Figure 5B ). There was also a modest increase in energy expenditure during the light phase that may reflect this increase in activity (P Ͻ .01) ( Figure 5D ). These data suggest that exposure to TF disrupts fuel use, resulting in a metabolic state that favors lipid utiliza- Figure 3 . TF-exposed mice develop glucose intolerance and insulin resistance. An ip-GTT was performed at 4 weeks of exposure by ip injection of glucose (2 g/kg) with serial blood glucose measurements taken for 120 minutes (n ϭ 9 per group) (A). An ip-GTT was also performed at 9 weeks of exposure (n ϭ 9 control; 10 TF) (B). Glucose tolerance was measured as the AUC of glucose over time for 120 minutes by the trapezoidal method. An ip-ITT was performed at 5 weeks of exposure by ip injection of insulin (0.4 U/kg) and serial blood glucose measured for 120 minutes (n ϭ 8 control; 7 TF) (C). An ITT was also performed at 10 weeks of exposure with a higher insulin dose (0.5 U/kg). Mice with blood glucose readings that dropped below the limits of detection for the glucometer (20 mg/dL per the manufacturer) and confirmed on repeat testing were recorded as having blood glucose levels of 20 mg/dL, and were immediately injected with a bolus of dextrose and future time points excluded (n ϭ 9 controls through 45 min, 7 after 45 min; 12 TF throughout) (D). Insulin tolerance was measured as the AUC of glucose over time for the first 45 minutes of the study by the trapezoidal method. Data are presented as mean Ϯ SEM. *, P Ͻ .05. tion with a coordinate impairment in the ability to toggle between fat and carbohydrate use during fed-fasted transitions. Furthermore, these data suggest that dietary TF intake may perturb circadian rhythms.
TF disrupts circulating adiponectin and leptin levels and induces tissue-level insulin resistance
Adipose tissue is now a well-recognized endocrine organ that exerts effects on systemic energy metabolism through the secretion of various adipokines, including leptin and adiponectin (36) . In ex vivo studies, 48-hour exposure of adipose tissue to TF decreased both basal and insulin-stimulated leptin secretion (28) . To determine whether chronic dietary TF exposure similarly perturbed adipose endocrine function, fasting serum measurements of leptin and adiponectin were performed after 12 weeks. TF-exposed mice demonstrated increased serum leptin levels (P Ͻ .05) ( Figure 6A ). Because leptin is secreted in proportion to fat mass, this finding was consistent with data showing that TF exposure promotes accretion of adipose tissue. When corrected for the increased adiposity seen in exposed mice, TF reduced the relative production of the metabolically beneficial adipokine adiponectin (P Ͻ .01) ( Figure 6B ). This resulted in a 67% increase in the leptin to adiponectin ratio (LAR) (P Ͻ .05) ( Figure 6C) ; importantly, an increase in LAR has been identified as a biomarker for insulin resistance (37, 38) , the metabolic syndrome (39) , and increased cardiovascular risk (40) . Together, these data suggest that mice exposed to TF in the diet have a disrupted adipokine profile with a relative impairment in adiponectin secretion. These findings were confirmed by gene expression analysis, which revealed a 31% reduction in adiponectin gene expression in perigonadal fat (P Ͻ .05) ( Figure 6D ).
Previous work demonstrated that direct treatment of adipose tissue explants to TF promoted adipocytic insulin resistance through a specific reduction in levels of insulin receptor substrate (IRS)-1 (28) . To determine whether in vivo exposure recapitulated the previous ex vivo model, the effects of dietary TF on adipocytic insulin action were assessed in perigonadal adipose tissue. Insulin-stimulated Akt phosphorylation serves as an assessment of upstream insulin signaling events, providing an integrative cellular marker of adipocytic insulin action from insulin binding to its receptor to Akt phosphorylation, including phosphorylation of IRS-1, activation of phosphatidylinositol 3-kinase, and Akt activation (28) . The S473 phosphorylation site of Akt was investigated, with TF-exposed mice exhibiting an attenuation of insulin-stimulated Akt phosphor- . TF exposure promotes lipid use, impairs metabolic flexibility, and impairs body weight-adjusted daily energy expenditure. After 12 weeks of consumption of a chow diet or diet fortified with 100 ppm TF, mice were placed in metabolic cages for 1 week. Data were collected after a 4-day acclimation period. The RER was calculated as the ratio of carbon dioxide exhaled to oxygen inhaled and measured in 30-minute time increments. Of the 111 time points analyzed, 21 were significantly different between groups (n ϭ 4 per group) (A). RER values for light/dark phases represent the average RER of all data points collected every 30 minutes over that respective 12-hour period (B). Metabolic flexibility was defined as the change in average RER between sequential light and dark states with the absolute value of the difference taken in order to yield consistent directionality (C). Daily energy expenditure (D), lean body mass-adjusted energy expenditure (E), and total body mass-adjusted energy expenditure (F) were calculated (4 mice per group with 2 data points taken from each mouse over 2 distinct, nonoverlapping 24-h periods). Data are presented as mean Ϯ SEM. *, P Ͻ .05; **, P Ͻ .01. Regnier 
ylation at an insulin concentration of 10nM (P Ͻ .05) ( Figure 6E ). To determine whether this reduction in insulin sensitivity was a result of changes in gene expression, multiple insulin signaling genes upstream of Akt were interrogated. In accord with ex vivo studies (28), a specific 30% reduction in IRS-1 was identified, without significant reductions in the other insulin signaling genes investigated (P Ͻ .05) ( Figure 6F ). These data demonstrate that systemic exposure to TF recapitulates changes in cellular physiology induced by direct effects of TF on adipose tissue and suggests one mechanism by which global insulin action may be attenuated in the presence of this novel metabolic disruptor.
TF exposure disrupts expression of genes regulating fatty acid oxidation (FAO) and lipolysis
Adipose expansion can result from increased lipid synthesis and esterification or a reduction in lipolysis and FAO. To gain insights into the mechanisms by which TF modulates adipose tissue mass, perigonadal adipose expression of genes regulating lipid handling was investigated. Importantly, in contrast to ex vivo studies demonstrating that TF increases gene expression of the fatty acid synthesis genes acyl-coenzyme A (CoA) carboxylase and stearoyl-CoA desaturase-1 (29) , expression of these genes was unaffected by in vivo exposure (data not shown).
However, 3 genes in the FAO pathway were significantly reduced: 2 isoforms of acyl-CoA dehydrogenase (Acad), the Acad (very long chain) and Acad (long chain) forms, as well as enoyl-CoA hydratase 1 (P Ͻ .05) ( Figure 7A ). Importantly, 3 other FAO genes demonstrated a trend toward down-regulation in exposed mice at P Ͻ .10: the medium chain Acad isoform, carnitine palmitoyltransferase 1a, and acetyl-CoA acyltransferase 2. Finally, expression of hormone-sensitive lipase (HSL), a critical regulator of lipolysis, was significantly reduced (P Ͻ .01), whereas adipose triglyceride lipase (ATGL) was not altered (Figure 8B) . Together, these findings support a model in which fat oxidation and lipolysis are impaired in adipose tissue after exposure to TF, thus supporting the accumulation of adipose mass.
Dietary TF exposure activates GR signaling
In previous work it was shown that TF promoted GR signaling in an ex vivo exposure model of primary adipose tissue (29) ; however, in vivo mechanisms may differ. To determine whether GR signaling was activated by dietary TF exposure, adipose tissue was harvested after 4 weeks of treatment, the time at which body weight begins to diverge between the control and TF-treated mice ( Figure 1B) . Based on published gene sets for ligand-mediated GR (41) and PPAR␥ (42) activation in murine 3T3-L1 adipocytes, GSEA was performed using microarray data to determine whether TF activated GR signaling, PPAR␥ signaling, or both. At 4 weeks of exposure, TF significantly up-regulated GR-dependent gene expression (nominal P Ͻ .001) ( Figure 8A ). Although PPAR␥-dependent gene expression trended toward an overall increase ( Figure 8B ), this activation did not reach statistical significance (nominal P ϭ .08), suggesting that TF may modulate global energy metabolism principally through activation of GR signaling.
Discussion
Exposure to synthetic chemicals has recently been implicated as a potential risk factor in the development of metabolic disease. The present study is the first to identify TF Figure 5 . TF-exposed mice exhibit disruptions in the diurnal variation of food consumption, activity, and energy expenditure. After 12 weeks of consumption of a chow diet or the same diet fortified with 100 ppm TF, mice were placed in metabolic cages for 1 week. Data were collected after a 4-day acclimation period (4 mice per group with 2 data points collected for each mouse over 2 distinct, nonoverlapping 24-h periods). Daily food and water consumption, activity, and energy expenditure did not differ between groups (data not shown). To assess the diurnal distribution of these measures, the ratio of the light to dark phase was calculated for food consumption (A), activity (B), water consumption (C), and energy expenditure (D). Data are presented as mean Ϯ SEM. *, P Ͻ .05; **, P Ͻ .01.
as an EDC with the capacity to promote the development of metabolic dysfunction with hallmarks of the metabolic syndrome using a paradigm that mimics human exposure. Dietary exposure to this novel metabolic disruptor for 12 weeks, at a concentration in the range of previously reported no observed adverse effect levels (34), promotes body weight gain ( Figures 1B and 2A) and adipose accretion, increasing total fat content by as much as 52% in exposed mice ( Figure 2B ). This occurred without a concurrent increase in lean body mass ( Figure 2C ). Importantly, there was a marked expansion of depots analogous to visceral adipose tissue in humans ( Figures 1D) (43) . Visceral adipose tissue expansion appears to underlie the metabolic complications associated with obesity (44), including increased cardiometabolic disease risk (reviewed in Ref. 45 ). However, expansion of the 3 depots examined does not completely account for the total increase in body fat content detected by DEXA, suggesting a potential increase in sc adipose depots as well. Likewise, although we did not observe hepatic steatosis, ectopic lipid deposition Figure 6 . TF exposure perturbs the balance in circulating adipokines and impairs adipose insulin sensitivity through a reduction in IRS-1 gene expression. At harvest, blood was collected via cardiac puncture and serum assessed by ELISA for levels of the circulating adipokines leptin (n ϭ 18) (A) and adiponectin. Serum adiponectin levels were corrected for adipose mass (n ϭ 19 control, 20 TF) (B). The LAR was also calculated based on serum levels (n ϭ 17 control, 18 TF) (C). At euthanasia, perigonadal adipose tissue was stimulated with insulin for 10 minutes. Protein was collected, processed, and resolved by Western blotting. Insulin sensitivity was assessed as the ratio of the band sizes of phosphorylated to total Akt at the S473 site (n ϭ 13 control, 15 TF; except n ϭ 7 for 0.1nM insulin) (E). Gene expression of leptin and adiponectin (D) and insulin signaling intermediates (F) was interrogated in perigonadal adipose tissue, normalizing to ␤-actin as a reference gene to control for RNA recovery (n ϭ 16 per group). Data are presented as mean Ϯ SEM. For gene expression, values were normalized to a control group average of 1.0. For insulin signaling, values have been normalized to the basal condition within each mouse to identify relative insulin responsiveness. *, P Ͻ .05; **, P Ͻ .01. IR, insulin receptor; PI3K, phosphatidylinositol 3-kinase.
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in other metabolic tissues may contribute to increased total body fat content, a process linked to metabolic dysfunction (reviewed in Ref. 46 ). Adipose lipid stores are dependent on de novo lipid synthesis and fatty acid esterification to increase levels, and lipolysis and FAO to lower them. Upon examination of gene expression in the perigonadal depot, there were no differences detected in the lipogenic genes investigated (data not shown); however, the relative expression of HSL was reduced in exposed mice, without a concordant reduction in the expression of ATGL ( Figure 8B ). Interestingly, it has been previously shown in human studies that adipose tissue of obese subjects exhibits reduced expression of HSL (47) . Despite the reduction in HSL expression, serum non-esterified fatty acid levels were not different between groups (data not shown); it is possible that the reduction in HSL expression is offset by the increase in total adipose mass (48) or by increased mobilization from sc adipose tissue, which is thought to be the primary source of serum non-esterified fatty acids in humans (49) . In addition to altered expression of the lipolytic pathway, expression of 3 FAO genes was reduced in TF-exposed mice:
2 Acad isoforms specific for long chain fatty acids (LCFAs) and very long chain fatty acids as well as a reduction in enoyl-CoA hydratase 1 ( Figure 8A ). Taken together, this suggests that impaired FAO and lipolysis may promote fat accretion; however, further work is needed using assessments of metabolic flux to establish this as the precise mechanism.
Interestingly, this specific reduction in long chain FAO gene expression would be predicted to increase relative levels of LCFAs. Recent evidence suggests LCFAs function as endogenous ligands of the PPARs (50) . PPAR␥ is a central regulator of adipose tissue development; thus, TF exposure may also indirectly modulate adipose function by facilitating production of endogenous PPAR␥ ligands. Moreover, PPAR␥ plays a role in establishing circadian rhythms, with suppressed diurnal variations in metabolic parameters in mice with systemic PPAR␥ deletion (51) . Because PPAR␥ is a target of a number of EDCs, eg, tributyltin (16) , GSEA was performed to determine whether modulation of this pathway was involved in TF-mediated metabolic disruption. Using published gene sets for 3T3-L1 adipocytes stimulated with thiazolidinediones (42) or dexamethasone (41), gene expression differences in perigonadal adipose tissue were analyzed at the time at which body weight begins to diverge. These data demonstrated a clear activation of GR signaling ( Figure 8A ) with a nonsignificant trend toward PPAR␥ activation ( Figure 8B ). This suggests that TF principally modulates energy metabolism through activation of GR signaling; however, this analysis does not definitively exclude secondary or indirect PPAR␥ activation as a possible contributor to TF-induced metabolic disruption.
Adipose tissue also regulates global metabolism through the release of adipokines. Adiponectin functions globally to promote metabolic health by increasing peripheral insulin sensitivity (52) and inhibiting ␤-cell apoptosis (53) . Controlling for total adipose mass, TF-exposed mice exhibited a reduction in relative adiponectin levels ( Figure 6B ), presumably through reduced adiponectin gene expression ( Figure 6D ). Other EDCs have previously been shown to inhibit the production and release of adiponectin, including the ubiquitous EDC bisphenol A (54, 55) and the classical obesogen tributyltin (56), suggesting that disruption of adiponectin action may be a common mechanism of environmentally mediated metabolic perturbations. Another critical adipokine is leptin, which is secreted in proportion to fat mass and signals the state of peripheral nutrient stores to the hypothalamus to regulate food intake (57) . Importantly, obese individuals often exhibit increased leptin levels due to increased adipose tissue mass, yet also exhibit leptin resistance (reviewed in Ref. 58) . Consistent with the increase in fat mass, mice exposed to TF also exhibited higher circulating leptin levels ( Figure 6A ). The LAR is one method for assessing the relative metabolic health of adipose tissue. In large-scale population studies the LAR significantly correlated with measures of insulin resistance, including the homeostatic model assessment of insulin resistance and the euglycemic hyperinsulinemic clamp (37, 38) . TF-exposed mice exhibited a significantly increased LAR ( Figure  6C ), suggesting the presence of global insulin resistance. In addition, an increased LAR has been associated with augmented risk of cardiovascular disease in humans (40, 59) , whereas some EDCs have been implicated as causal factors in the development of cardiovascular disease (60) . To further assess the metabolic health of adipose tissue, the insulin sensitivity of adipose tissue was investigated. Integrating all upstream events in insulin signal transduction, the ratio of phosphorylated to total Akt under insulin stimulation assesses insulin sensitivity, with increased relative phosphorylation indicative of increased insulin sensitivity (28) . Although control mice exhibited the expected increase in the ratio of phosphorylated to total Akt with increasing insulin stimulation, TF-exposed mice showed a significantly blunted insulin response ( Figure 6E ). Consistent with ex vivo studies (28), a specific reduction in the expression of IRS-1 was identified, without significant changes in other genes of the insulin-signaling cascade ( Figure 6F ). These findings suggest that dietary TF exposure promotes the accretion of dysfunctional adipose tissue, specifically impairing insulin sensitivity and modulating the balance of adipokine hormones in a metabolically deleterious manner.
Global insulin-glucose homeostasis is dependent on multiple tissues, including adipose, pancreas, liver, mus- Figure 8 . TF stimulates GR activity in the adipose tissue of exposed mice. After 4 weeks of consumption of a chow diet or the same diet fortified with 100 ppm TF, mice were harvested and perigonadal adipose depots collected and processed for RNA (n ϭ 6 per group). Samples were profiled by Illumina MouseRef-8 v2 expression array and investigated for GR and PPAR␥ pathway enrichment. Mice exposed to TF showed significant enrichment in GR-dependent gene expression (nominal P Ͻ .001; 533 unique Entrez genes) (A), but not PPAR␥-dependent gene expression, although TF mice did trend towards enrichment (nominal P ϭ .08; 91 unique Entrez genes) (B).
906
cle, and brain, and an increasing body of epidemiological literature links exposure to synthetic chemicals with disruptions in glucose homeostasis (8) . Chronic exposure to TF induced both glucose intolerance and insulin resistance ( Figure 3 , B and D, respectively), findings consistent with alterations in insulin-glucose homeostasis seen in individuals with the metabolic syndrome and type 2 diabetes (61). One outcome of global insulin resistance is a shift in nutrient use from carbohydrates to lipids (35) . Consistent with this, TF-exposed mice exhibited increased lipid use during the dark cycle ( Figure 4B ) and a blunting of metabolic flexibility during fed-fasted transitions ( Figure 4C ). These findings are directionally similar to those induced by high-fat feeding in mice (62) and obese human males (63) , suggesting that supplementation of a normal chow diet with TF drives a phenotype analogous to that induced by high-fat feeding. Finally, a recent study demonstrated that both prediabetic and diabetic individuals had higher serum concentrations of persistent organic pollutants relative to weight-matched metabolically healthy individuals and also exhibited metabolic inflexibility with a preference for lipid use (64) . To our knowledge, the present study is the first to directly implicate exposure to an environmental pollutant in metabolically deleterious alterations in metabolic flexibility and nutrient use. In addition to alterations in lipid-carbohydrate use, the metabolic cage studies here reported suggest a potential disruption in the diurnal rhythm of energy intake, activity, and energy expenditure ( Figure 5 , A, B, and D, respectively). An increasing body of literature implicates alterations in circadian rhythms in the pathogenesis of metabolic disease (reviewed in Ref. 65) . Disruptions of clock genes, both globally and peripherally, promote obesity in mouse models (66, 67) . Specifically, disruption of circadian rhythms has been shown to alter feeding behavior (68), whereas light-cycle feeding alone has been shown to promote increased weight gain without increased caloric consumption (69) . In another study, exposure to dim light at night was shown to alter circadian feeding behavior, promoting increased weight gain and impaired glucose tolerance (70) , raising the possibility that exposure to EDCs like TF may exacerbate metabolic disruption induced by other environmental insults. Importantly, disruptions in sleep specifically induce adipocytic insulin resistance in humans (71) . Although it is acknowledged that metabolic cage analyses have drawbacks with regard to monitoring food intake and circadian behavior (72) , the present data provide intriguing evidence that EDC-induced alterations in circadian rhythmicity contribute to metabolic dysfunction that requires further investigation.
Previous work demonstrated that TF promotes GR signaling (27, 29) , and it is intriguing that the metabolic phenotype identified in these studies mirrors those of clinical glucocorticoid excess, which is characterized metabolically by obesity, insulin resistance, and frank diabetes (73) . Consistent with these phenotypic similarities, GSEA demonstrated a significant up-regulation of GR signaling after 4 weeks of dietary treatment (Figure 8A) , the point at which weight gain between the groups began to diverge (Figure 1, A and B) . Moreover, TF-induced changes in gene expression at study termination, such as the reduction in adipose expression of HSL but not ATGL ( Figure  7B ), mimic effects induced by glucocorticoid treatment (74) . Finally, inappropriate GR signaling has been shown to perturb circadian rhythmicity (75, 76) , whereas circadian genes may also regulate peripheral glucocorticoid sensitivity (77) and glucocorticoid-mediated glucose intolerance (78). In concert with ex vivo evidence, these data support a model in which the in vivo effects of TF result from activation of GR signaling, suggesting that TF may function as a novel environmental glucocorticoid.
Taken together, these findings strongly suggest that TF exposure may contribute to the development of metabolic disease, notably through an accumulation of dysfunctional adipose tissue, disruption of global insulin-glucose homeostasis, and diminution of metabolic flexibility, effects similar to those seen in the metabolic syndrome. However, many questions remain. The above study has solely investigated one concentration of TF; therefore, establishment of a dose-response relationship is warranted, especially given the issue of nonmonotonic effects of many EDCs (79) . Moreover, because TF was added during diet production, it remains to be resolved whether TF or its metabolites are primarily responsible for the observed metabolic disruption. This may have important implications for agricultural policy regarding residues of this fungicide on produce. In addition, the consequences of shorter durations of exposure to TF or its metabolites on energy homeostasis need to be studied, especially given the interesting finding that weight gain differences in the present study were not observed until after 4 weeks of exposure. Importantly, because the endogenous hormonal milieu and fat deposition patterns differ between males and females (80) , studies examining the effects of TF in females are needed. Moreover, given the linkage between early-life EDC exposure and altered metabolism later in life (81), determining how developmental TF exposure influences adult energy metabolism is critical for comprehensively assessing the risk associated with exposure to this EDC. Furthermore, the findings of altered circadian rhythmicity and adipokine levels raise important questions regarding the effects of TF on brain signaling that must be explored. Finally, it is paramount that human exposure to TF be characterized to determine whether humans are at risk for TF-induced metabolic complications. As the field of environmental metabolic disruption expands, it is hoped that these studies will provide further insights into the effects and mechanisms by which environmental contaminants contribute to the burgeoning metabolic disease epidemic in order to develop interventions to mitigate the deleterious impact of toxicant exposures on human health.
